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Abstract: The effect of commercial frequency electromagnetic field on the solidification structure and mechanical properties
of copper hollow blanks prepared by horizontal continuous casting method was investigated. The results show that
when the electromagnetic field is imposed, columnar grains are evidently refined and fine equiaxed grains are
obtained in the inner side of the cross-section. Moreover, with the increase of input current, the equiaxed grain region
widens and the grains distribute more uniformly in the circumferential direction. Meanwhile, the mechanical properties are
remarkably improved by the application of electromagnetic field. When the input current is 140 A, the tensile strength
increases 15% and the elongation increases 10%. However, the electromagnetic field has no effect on the distribution of
microelements.
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1. Introduction
Copper tubes are widely used in refrigerating and
air-conditioning units. In recent years, traditional bare
copper tubes have been gradually replaced by
inner-grooved ones to improve the efficiency of
thermal-exchange for energy saving and environmental-
protection
 [1].Based on the statistics of the Chinese
refrigerating industry union, the demand for household air
conditioners will be 30.5 million in 2005, which means
that 91.6 thousand tons inner-grooved copper tubes will
be needed
[1].
The production of inner-grooved tubes is basically a
drawing process. In conventional production, melt is cast
into tube blanks, which are subsequently rolled into tubes.
The tubes are then drawn to final size of about 83
millimeter in diameter. According to the Hall-Petch
equation, grain size is one of the most important factors
determining the mechanical properties of the casting. The
more refinement of the microstructure of the tube blanks,
the higher strength and ductility will be got. Nowadays,
horizontal continuous casting process for tube blanks has
been widely adopted by manufacturers due to cost
reduction through energy & investment saving
 [2-3].
Unfortunately, it is discovered that the solidification
structure of the tube blank is usually coarse, which greatly
affects the mechanical properties of the final products. It
is clear that new processes must be developed to meet the
requirement for high quality tube blanks.
It is well known that the electromagnetic processing of
materials (EPM) has become a key area in the fields of
both fundamental research and application world-wide
[4-12].
By imposing an intermediate frequency electromagnetic
field during vertically continuous casting, Li et al. obtained
Sn-4.5% Pb alloy hollow billets of high quality
 [13-14].
However, so far, there is little published work on the
application of electromagnetic field on the large-radius,
thick-walled copper tube blanks produced by a horizontal
continuous casting method. In this paper, this novel
process has been applied to horizontal continuous casting
of copper tube blanks and the effects of the electromagnetic
field on the solidification structure and tensile properties
are investigated.
2. Experimental procedure
The experimental apparatus is shown in Fig. 1. A coil
linked with a commercial frequency electric source was
installed around the mold, which consisted of a graphite
inner-mold and a copper outer-jacket. During continuous
casting, the melt was poured into the tundish and then
tube blank was drawn continuously through the mold by
means of the dummy bar, which was controlled by a
motor. Hence the casting process was carried out
continuously. The experimental process parameters are
listed in Table 1. The material used in the experiment is
TP2 electrolytic copper.
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3. Results and discussion
Fig.2 shows the cross-sectional solidification structure
of copper tube blanks with and without the application of
the electromagnetic field. It can be seen that, without the
application of the electromagnetic field, the solidification
structure mainly consisted of coarse, columnar grains
oriented along the radial direction. It is obvious that the
grains on the bottom and side are larger than those on the
top, as shown in Fig.2 (a). After the application of the
electromagnetic field, by contrast, the columnar grains are
refined and oriented in an inclined direction. Meanwhile,
the fine equiaxed grains are obtained in the neighborhood
of the interior and the zone widens with the increase of
input power, as shown in Fig.2 (b), (c).
Fig.3 shows the relationship between the average grain
size and the input current of the inductor. It can be seen that
the average grain size is 4 mm in the absence of the
electromagnetic field. However, it has a tendency to
decrease with increasing input current. When the input
current is 140 A, the grain size dramatically decreases to 2.5
mm, which is in accordance with the result obtained above.
Fig.1 Schematic diagram of experimental equipment
Table 1 Experimental parameters
Process parameters Values
Melt temperature
Casting speed
Cooling water
Tube blanks size
Electromagnetic frequency
Fiq.2 Cross sectional macrostructure of copper hollow blanks; (a)-0 A, (b)-100 A, (C)-140 A
generate an alternating electromagnetic field when
imposing an alternating current at commercial frequency
on it. This field, in turn, creates eddy currents in the
surface layer of the melt, which interact with the magnetic
field to provide Lorentz force, which can be expressed as
follows:
Fig.3 Plot of average grain size against input current
During conventional horizontal continuous casting,
coarse, columnar grains are formed due to a high
temperature gradient in the solidification region.
According to electromagnetic field theory, the coil will
Where J is the induction current; B and μ represent the
magnetic flux density and magnetic permeability,
respectively; and divergence. The above
equation can also be expressed as:CHINA FOUNDRY
where f1 is the electromagnetic stirring force, f2 is the
electromagnetic constraint force.
Influenced by f2, the contact pressure, perpendicular to
casting direction between initial shell and mold, would be
softened; consequently the cooling intensity would
decrease. Also, the electromagnetic stirring force f1 would
drive melt flow and decrease its temperature gradient in
the radial direction. Besides, the stirring force might
break the growing dendrite arms and hinder their growth.
As a result, the solidification structure would be more
refined and distributed more uniformly.
Fig.4 shows the relationship between mechanical
properties and the input current at room temperature. It
can be seen that the mechanical properties are remarkably
enhanced when the electromagnetic field is imposed.
When the input current is 140 A, the increase rate of
tensile strength and elongation is 15% and 10% ,
respectively.
Fig.5 shows the micrograph of the fracture surface of
copper tube blanks with, and without, the application of
the electromagnetic field. It is obvious that when the
electromagnetic field is imposed, the number of dimples
increases and the uniformity of distribution is enhanced,
which means that toughness of tube blanks is improved.
This is consistent with the tensile tests.
4. Conclusions
(1) The mechanical properties of horizontal continuously
cast copper hollow blanks are enhanced by the application
of an electromagnetic field.
(2) When a commercial frequency electromagnetic
field is imposed, the solidification structure is evidently
refined and grains distribute more uniformly.
Fig.4 Effect of electromagnetic field on the mechanical
property of copper hollow billet
Fig.5 Fractographic features of copper hollow blanks
with, and without, electromagnetic field
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